The effect of DNA supercoiling on gene expression is dependent not only on specific genes but also on the sequence context of the genes. This position-dependent supercoiling effect on gene activation is best illustrated in the study of the suppression of the leu-500 mutation of the leuABCD operon in a Salmonella typhimurium topA mutant. In this communication, we report a novel promoter relay mechanism whereby several genes are sequentially expressed in a position-dependent manner: the ilvIH promoter (pilvIH) activates a cryptic leuO promoter (pleuO) located between the two divergently arrayed ilvIH and leu-500 promoters. Both the cis-acting pleuO activity and the trans-acting LeuO protein are necessary for subsequent activation of the leu-500 promoter (pleu-500). Furthermore, pleuO can be functionally replaced with the inducible tac promoter (ptac) for leu-500 activation, suggesting that transcription-driven DNA supercoiling underlies the relay mechanism. This is the first example of several related genes communicating via a promoter relay mechanism for their coordinated expression.
Numerous genetic and biochemical studies have documented that negative supercoiling affects expression of many prokaryotic and eukaryotic genes 14, 30, 37; for reviews, see references 10, 27, 34, and 39). However, the effect of negative supercoiling on gene expression is dependent not only on specific genes but also on the locations and therefore the sequence context of the genes (9, 16, 21) . This position-dependent supercoiling effect on gene expression indicates that local DNA supercoiling is important in gene expression regulation.
The suppression of the leu-500 mutation of the leuABCD operon in a Salmonella typhimurium topA mutant is one of the best examples of such a position-dependent supercoiling effect. The leu-500 promoter (pleu-500) is activated in topA mutants (8, 20, 22, 37) . However, leu-500 activation correlates with ⌬topA but not with reduced levels of negative supercoiling (28, 29) . Strikingly, activation of pleu-500 is lost when the promoter is removed from its original chromosomal location (29) . These results suggest that local supercoiling may be responsible for leu-500 activation. On the basis of the twin supercoiled-domain model of transcription (19) , Lilley and Higgins postulated that transcription-induced DNA supercoiling may be the source of the local DNA supercoiling for leu-500 activation (18) . Since then, a number of studies have experimentally demonstrated the involvement of one or more adjacent transcription activities in activating pleu-500 on a plasmid (3) (4) (5) 36) . While several parameters, including a topological domain flanked by two divergent transcription units, an adjacent transcription unit encoding a membrane anchorage peptide, the promoter strength, and the size of the adjacent transcription unit, may affect the supercoiling effect, studies have indicated that the transcription-driven supercoiling effect on leu-500 activation is usually limited to a short distance (Ͻ250 bp) (4, 36) . However, a long-distance effect was demonstrated in a recent study (35) . The expression of a transcription unit located 3,000 bp downstream of pleu-500 resulted in leu-500 activation.
To address whether an adjacent transcription activity is also involved in leu-500 activation in the context of the chromosome, we have demonstrated the long-range interaction between the ilvIH and leu-500 promoters. We have found that the plasmid-borne leu-500 promoter cannot be activated in a topA mutant unless a 1.9-kb upstream sequence of pleu-500 is present (41) . This 1.9-kb sequence contains pilvIH, whose activity is crucial for leu-500 activation. Replacement of pilvIH with the inducible lac promoter (plac) leads to inducible activation of leu-500, indicating that the promoter activity, but not the specific promoter, is important for leu-500 activation (41) . While promoter activity is important for leu-500 activation, the associated transcript from pilvIH is not. We have explained this long-range promoter-promoter interaction in terms of the transcription-driven supercoiling effect (41) . However, the large distance between the two interacting promoters together with the requirement for the 1.9-kb sequence suggests that a more complicated supercoiling transmission mechanism is involved. In this study, we have found a novel relay mechanism which is crucial for transmitting the supercoiling effect from pilvIH to pleu-500 via an intermediary promoter, pleuO, located between the two interacting promoters in S. typhimurium topA mutant CH582. Activation of the cryptic pleuO is strictly dependent on pilvIH activity. Expression of the leuO gene is required for subsequent leu-500 activation. pleuO can be functionally replaced with the inducible ptac, provided that the LeuO protein is supplied in trans. This long-range promoterpromoter interaction via another promoter characterizes a promoter relay mechanism for gene regulation.
MATERIALS AND METHODS
Plasmid constructs. pWU804 and pWU805 have been previously described (41) . pWU807 is identical to pWU804 except that 2-bp mutations were introduced in the Ϫ10 region of pilvIH by a double-stranded site-directed mutagenesis procedure (7) . The mutagenic primer is 5Ј-CGGTTTGACGGACAGCTGAAC CGCTCGC-3Ј (mutations located at positions -8 and -11 of pilvIH are underlined). pWU804M is the same as pWU804 except that pleuO was mutated by the site-directed mutagenesis procedure. The mutagenic primer (5Ј-GTTTAAATT ACGCAAGCTCTAGAACCATAACTATG-3Ј) introduced T, C, and G to replace A, A, and T at positions -7, -8, and -11 of pleuO, respectively, and generated a unique XbaI site on the plasmid. pWU804T and pWU804TR were constructed by insertion of ptac into the unique XbaI site of pWU804M. ptac was generated by annealing two complementary oligonucleotides: 5Ј-CTAGCTGTTGACAAT TAATCATCGGCTCGTATAATGTGTGGAATTGTGAGCGGATAACAA TTTCACACA-3Ј and 5Ј-CTAGTGTGTGAAATTGTTATCCGCTCACAAT TCCACACATTATACGAGCCGATGATTAATTGTCAACAG-3Ј (where underlined sites show the Ϫ35 and Ϫ10 regions and the lac operator, respectively, from left to right; modified from reference 6). The resulting plasmid with ptac oriented toward the leuO gene was pWU804T, with the opposite orientation being pWU804TR. pWU802T was obtained by deletion of the NsiI-BamHI fragment including the leuO coding region and the downstream pilvIH from pWU804T. pWU804H was constructed by introducing 2-bp mutations in pWU804 by the site-directed mutagenesis procedure. The mutagenic primer (5Ј-GTGTGGGCGGCCGGCGTAATATTCT G-3Ј) replaced GC with CG, which resulted in the replacement of the arginine residue with a proline at position 3 of the LeuO protein helix-turn-helix motif (12) . Theoretically, this point mutation severely distorts the first helical structure of the DNA-binding motif since proline cannot form a hydrogen bond from its main-chain nitrogen. The coding region of lacZ, containing its own ShineDalgarno sequence and ATG translation start codon obtained from pSV␤ (CLONTECH Laboratories, Inc.), was transcriptionally fused with ptac in pWU802T to generate pWU802TLZ. Cells harboring the fusion plasmid showed dark blue colonies on 5-bromo-4-chloro-3-indolyl-␤-D-galactopyranoside (X-Gal) plates upon isopropyl-␤-D-thiogalactopyranoside (IPTG) induction, confirming that ptac activity expresses the downstream lacZ coding sequence. pWU904 and pWU907 are identical to pWU804 and pWU807, respectively, except that pleu-500 was replaced by the wild-type leu promoter (pleu) in pWU904 and pWU907.
The expression vector pEV101 is a derivative of pSO1000 (24) carrying a pACYC origin of replication (ori) so that it can coexist with a ColE1 ori-based testing plasmid in a bacterium. pSO1000 also contains the I q promoter-controlled lacI gene for expression of the lac repressor. The 1,550-bp BclI-BamHI fragment containing the ptac-controlled leuO coding region was isolated from pWU804T and subcloned into the compatible BglII site of pSO1000 to yield pEV101. All plasmid constructs were verified by DNA sequencing.
Bacterial strains. CH582, a ⌬topA2726 leu-500 ara9 derivative of S. typhimurium LT2, was used in all experiments. Cells were grown aerobically at 32°C in synthetic SSA medium without supplemented leucine (2) . Plasmids were transformed into bacteria by electroporation. Since S. typhimurium does not contain the regulatory system of the lac operon, pSO1000 or pEV101 is used to provide the lac repressor exogenously. IPTG was added to a final concentration of 1 mM 1 h prior to cell harvest, as required in some experiments.
RNA isolation. RNA was isolated from freshly inoculated cultures in log-phase growth (optical density at 650 nm of 0.8) in SSA medium lacking leucine. RNA concentrations were measured by absorbance at 260 nm. A 100-g amount of total RNA was used in each primer extension reaction.
Primer extension. Primer extensions were carried out as previously described (36) . Several primers were designed to search for possible transcription initiations in the 1.9-kb intervening sequence. These primers consist of sequences of chromosome context and therefore detect transcription activities arising from both the plasmid and the chromosome. However, due to the high copy number of the plasmid, transcription activity from primarily the plasmid-borne 1.9-kb region was detected. This is evidenced by the fact that leuO transcription activity was not detectable in RNAs isolated from pWU805-harboring CH582 (Fig. 1B , lanes 1 and 4). Among these primers, two primers, O 1 and O 2 , were located close enough to allow detection of leuO transcription initiation. O 1 (31-mer, 5Ј-GCA GAAATAATTCCTGAAAATATGATTTACC-3Ј) was used only in the experiment whose results are shown in Fig. 1 . O 2 (28-mer, 5Ј-CGGAAAACATAAA GACGCTGACAGAGAC-3Ј) was closer to the leuO transcription start site and was used in all experiments. Transcription activities of the ilvIH, leu-500, and bla promoters were detected by use of a pBR322 EcoRI clockwise primer, a pBR322 HindIII clockwise primer, and a synthetic DNA oligomer, respectively (41) . These three primers hybridize with the vector sequence and detect only the transcription activities arising from the plasmid-borne promoters. The bla promoter activity was included in all primer extension experiments as an internal control. The bla transcript control of the primer extension shown in Fig. 6B was done in a separate reaction using the same RNA sample. When wild-type leu promoter activity was tested, the high activity of the leu promoter often caused a background in the original position of the bla promoter in primer extension. To avoid this problem, another primer (5Ј-CTGATCTTCAGCATCTTTTACTTT CACC-3Ј) was chosen to detect the bla promoter activity in Fig. 6A . All primers were end labeled with [␥-32 P]ATP by using T4 polynucleotide kinase before they were added to the reaction mixture.
RESULTS AND DISCUSSION
Activation of the cryptic pleuO by pilvIH activity. We have shown previously that the 1.9-kb upstream sequence of pleu-500 is crucial for leu-500 activation (41) . So far, we have identified pilvIH, located at the pleu-500-distal end of the 1.9-kb FIG. 1. pilvIH activity-dependent transcription initiation in the 1.9-kb intervening sequence. Only the relevant regions in pWU804, pWU805, and pWU807 are illustrated. The vector, pWU800, was previously described (41) and is not shown here. The orientations of promoters are indicated (arrows). pilvIH was deleted in pWU805 and was mutated (X) in pWU807; otherwise, these three plasmids are identical. O 1 and O 2 , the two primers for detection of pleuO activity. The primer extension results are summarized at the top right (Ϫ, no activity; ϩ, activity; ϩ/Ϫ, weak activity). (A) RNAs isolated from CH582 harboring pWU804, pWU805, or pWU807 were used in the primer extension analysis. A mixture of the three primers was used to detect transcripts from pleu-500, pbla, and pilvIH simultaneously. 
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leu-500 ACTIVATION VIA PROMOTER-PROMOTER RELAYsequence, to be necessary for leu-500 activation. The rest of the sequence is also essential for the long-range promoter-promoter interaction (41) . Within this region, a 942-bp open reading frame (ORF), the putative leuO gene, has been identified (11) . However, the transcript associated with this ORF has not been detected (11, 12) . To search for a possible transcript from this ORF, primer extensions were performed with a series of oligomers along the 1.9-kb sequence. Only one transcription initiation site, which was located upstream of the ORF and presumably was associated with a promoter, the putative pleuO, was detected (Fig. 1B) . The two primers used to detect the transcript by primer extension were located downstream from the putative pleuO, as shown in Fig. 1 Fig. 1B) . Strikingly, leuO transcription activity was strictly dependent on the functional pilvIH, since deletion of pilvIH abolished pleuO activity (Fig. 1B, compare lanes 1 and 2 or lanes 4 and 5) . The 2-bp mutations in the Ϫ10 region of pilvIH which almost completely eliminated the promoter activity also significantly decreased pleuO activity (Fig. 1B , compare lanes 2 and 3 or lanes 5 and 6). As expected, activation of pleu-500 was also dependent on the functional pilvIH (Fig. 1A, compare lanes 1 to 3) .
The pilvIH activity-dependent activation of both pleuO and pleu-500 suggested a possible involvement of the leuO gene in the long-range interaction between pilvIH and pleu-500.
Role of expression of the leuO gene in mediating the longrange promoter-promoter interaction. On the basis of computer analysis of the entire 1.9-kb sequence, we identified one potential Pribnow box (Ϫ10) sequence (deviating by 1 bp from the consensus Ϫ10 sequence) and Ϫ35 sequence (deviating by 3 bp from the consensus Ϫ35 sequence) located at the expected positions upstream of the leuO transcription initiation (ϩ1) site. The distance between the Ϫ10 and Ϫ35 sequences is 18 bp, which is characteristic of the 16-to 18-bp spacer of a typical prokaryotic promoter recognized by RNA polymerase containing the 70 subunit (15, 33) . In order to test whether this promoter sequence was responsible for ilvIH-dependent leuO transcription initiation, we introduced a 3-bp mutation in the Ϫ10 region, using site-directed mutagenesis. This mutation indeed abolished leuO transcription initiation (Fig. 2, compare  lanes 1 and 2) . Hence, this promoter sequence is responsible for ilvIH activity-dependent leuO transcription initiation. Using a lacZ reporter fused with the downstream ORF, we have also demonstrated that this promoter sequence is responsible for the expression of the downstream ORF, the putative leuO gene (data not shown). Northern analysis confirmed that the leuO gene was active in an S. typhimurium ⌬topA strain but was normally silent in a topA ϩ strain (8a). However, the silent leuO gene was activated when ilvIH transcription activity was turned on due to the low growth rate of cells in nutrient-limited conditions, such as in minimal synthetic medium, or in stationary phase in rich medium (8a). It seems that leuO is a func -FIG. 2 . Expression of the leuO gene in mediating the long-range promoter-promoter interaction. The nucleotide sequence of the leuO promoter, which is located in the 500-bp evolutionarily conserved AT-rich sequence between pleu-500 and the ORF (the coding region of leuO), is illustrated. The Ϫ35 and Ϫ10 sequences of the promoter (underlined), the transcription start site (ϩ1), and a 3-bp mutation which inactivates pleuO in pWU804M are indicated. The pleuO activities from RNAs obtained from pWU804-or pWU804M-harboring CH582 were detected by using O 2 primer (lanes 1 and 2, respectively) . The leuO band migrates near the bottom of the primer extension electrophoresis gel, where several nonspecific bands are often located. For better resolution of the transcription initiation of leuO, a lower exposure of lanes 1 and 2 is included on the right. The pleu-500 activity in pWU804-or pWU804M-harboring CH582 is shown in lanes 3 and 4, respectively. tional gene. Interestingly, the 3-bp mutation in pleuO also abolished leu-500 activation (Fig. 2, compare lanes 3 and 4) , suggesting that leuO gene expression is crucial in mediating the long-range interaction between pilvIH and pleu-500.
Effects of leuO gene expression on leu-500 activation. The finding that pilvIH activity-dependent leuO transcription, which occurs divergently 410 bp away from pleu-500, was required for mediation of the long-range interaction led us to consider two possible effects of leuO gene expression on leu-500 activation. One was that the translation product of leuO plays a trans-acting role in activating pleu-500, and the second was that the transcriptional process itself is important in activating the upstream pleu-500, perhaps via a mechanism of transcription-driven supercoiling as in the short-range promoter-promoter interaction (36) . To examine these two possibilities, we replaced pleuO of pWU804 with an inducible ptac, which resulted in pWU804T. With ptac in place, leu-500 activation was shown to depend on IPTG induction (Fig. 3A,  compare lanes 1 and 2) . The following experimental results suggested that the leuO gene product (LeuO) is required to provide a trans-acting function for leu-500 activation. (12) (boxed) and the R41P mutation within this motif are indicated. The map of expression vector pEV101, which is used to supply wild-type LeuO in trans upon IPTG induction, is also shown. Primer extension results obtained with pWU804 and pWU804H in the absence of pEV101 are shown for transcripts initiated from pleuO (lanes 1 and 3, respectively) and transcripts from pleu-500 (lanes 2 and 4, respectively). In the presence of pEV101, pleu-500 activity was detected by using RNAs isolated from pWU804H-harboring CH582 without or with IPTG treatment (lanes 5 and 6, respectively).
leu-500 ACTIVATION VIA PROMOTER-PROMOTER RELAYdownstream sequence from pWU804T eliminated IPTG-induced leu-500 activation, suggesting that the promoter activity alone was insufficient to activate pleu-500 at this 410-bp distance (Fig. 3A , compare lanes 4 and 5).
(ii) Inversion of ptac also eliminated leu-500 activation, consistent with the importance of transcription of leuO (Fig. 3A, lane 3) . (iii) A point mutation (R to P at position 41 of the deduced LeuO peptide) in the helix-turn-helix motif of LeuO (12), which presumably impaired LeuO binding to DNA, also significantly reduced leu-500 activation (Fig. 3B, compare lanes 2 and 4) , while pleuO activity remained unchanged (Fig. 3B, compare lanes 1  and 3) . This reduced leu-500 activation in pWU804H was restored when the wild-type LeuO protein was provided in trans upon IPTG induction (Fig. 3B, compare lanes 5 and 6) . The wild-type leuO coding region was expressed from another, coexisting plasmid, pEV101, under the control of the IPTGinducible ptac promoter. This result clearly demonstrated that LeuO plays a trans-acting role in leu-500 activation.
FIG. 4.
The cis-acting transcription process is also required for leu-500 activation. The plasmids used in this experiment are illustrated. pEV101 (Fig. 3B ) was used to provided LeuO protein in trans upon IPTG induction. Transcription activity of pleu-500 was detected by primer extension (lanes 1 to 5) . pbla activity was detected simultaneously in all reactions as an internal control. The importance of LeuO in leu-500 activation appears to support the first possibility. If so, the LeuO protein provided in trans should also restore leu-500 activation in pWU804M, in which pleuO was inactivated due to the mutation in the Ϫ10 region of the promoter. Surprisingly, the LeuO protein supplied in trans failed to restore leu-500 activation in pWU804M upon IPTG induction (Fig. 4, compare lanes 1 and 2) . The fact that trans-acting LeuO was able to restore leu-500 activation in pWU804H (Fig. 3B, lanes 5 and 6) but not in pWU804M indicated that something important for leu-500 activation was missing in pWU804M. In the presence of wild-type LeuO provided in trans, the major difference between these two conditions was that the pleuO activity was diminished in pWU804M, while the promoter remained active in pWU804H. This result suggested that in addition to the gene product, LeuO, the functional pleuO was also important for leu-500 activation. Furthermore, when pleuO was replaced with the IPTG-inducible ptac, the LeuO protein provided in trans significantly activated pleu-500 upon IPTG induction (Fig. 4, compare lanes 3  and 4) , suggesting that the transcriptional process itself, but not the specific promoter, is important for leu-500 activation. Thus, both LeuO in trans and an active divergent promoter in cis are required for leu-500 activation. Note that pilvIH was deleted in the pWU802T construct (Fig. 4) . Thus, in the absence of pilvIH, the leu-500 promoter was activated by another promoter located 410 bp upstream, provided that LeuO was present.
Promoter relay model for sequential gene activation. Our results can best be explained in terms of a promoter relay model in which transcriptional activity from one promoter (i.e., pilvIH) can activate a distant promoter (i.e., pleu-500) via an intermediary promoter (i.e., pleuO) (Fig. 5) . The interactions among the promoters are difficult to understand. The fact that the transcriptional process itself but not the specific promoter (e.g., both pilvIH and pleuO can be replaced by an inducible promoter) is important for leu-500 activation suggests that transcription-driven local supercoiling could underlie the mechanism for promoter-promoter interactions. Previous studies have demonstrated that promoter-promoter interaction via localized DNA supercoiling generated by RNA transcriptional processes is normally short-range (Ͻ250 bp) (4, 36) . The distance between pleu-500 and pilvIH is about 1.9 kb. The relay mechanism for such a long-range interaction is therefore reasonable.
Chromosome supercoiling dynamics may play a role in this type of gene expression regulation. Under stringent growth conditions or other environmental stresses, ilvIH transcriptiondriven local supercoiling could serve as the signal which triggers activation of the normally silent leuO gene. The leuO gene in turn activates pleu-500 via two signals, the LeuO protein and transcription-driven supercoiling from pleuO.
The function of the LeuO protein is unknown. However, it contains a helix-turn-helix motif at the N terminus, suggesting a potential role for DNA binding (12) . LeuO has previously FIG. 6 . The wild-type promoter of the leuABCD operon is regulated by the promoter relay mechanism. pWU904 and pWU907 contain pleu instead of pleu-500; otherwise they are identical to pWU804 and pWU807, respectively. (A) Transcripts initiated from pleu and pbla were detected by primer extension. A longer-exposure autoradiograph is included on the left to show bla transcripts as the internal controls, which are too light to be visualized in the original exposure. (B) Transcripts initiated from pleuO of pWU904 and pWU907 (lanes 1 and 2, respectively) and pbla of pWU904 and pWU907 (lanes 3 and 4, respectively) were detected in separate primer extension reactions. The primer extension results are summarized at the top right (ϩ, activity; ϩϩϩ, strong activity; ϩ/Ϫ, weak activity).
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leu-500 ACTIVATION VIA PROMOTER-PROMOTER RELAYbeen identified as a multicopy suppressor of the hns mutant (32) . The product of the hns gene is the H-NS protein.
As with other histone-like proteins, such as HU, integration host factor (IHF), etc., H-NS is one of the chromosome architecture proteins in bacteria (26) . These proteins have been shown to organize DNA into nucleoid structures and restrain negative DNA supercoils (1, 13, 25, 42) . The LeuO protein may affect nucleoid protein-DNA interactions and therefore alter the chromosome supercoiling dynamic in a local region. From this, it seems possible that LeuO may exert its function through remodeling of the chromosome structure (Fig. 5) .
The effect of cis-acting pleuO on leu-500 activation could be mediated by transcription-driven supercoiling. We have shown that the transcriptional process but not the specific promoter is important for leu-500 activation. This transcriptional process can generate local DNA supercoiling variation according to the twin-domain model of transcription (19) . If transcriptiondriven local supercoiling contributes to leu-500 activation, we can anticipate that the longer the transcription unit, the more supercoiling is generated from the transcription process, leading to increasingly stronger leu-500 activation. As expected, increasing the size of transcription-translation coupling from ptac due to the fusion of a 3-kb coding region of the lacZ gene with ptac further enhanced leu-500 activation in pWU802TLZ (Fig. 4 map and compare lanes 4 and 5) , suggesting that the role of cis-acting pleuO activity is to provide transcriptiondriven supercoiling for leu-500 activation. In the presence of LeuO protein, the negative supercoiling originating from pleuO could activate pleu-500 directly and/or influence the chromosomal structural remodeling activity of LeuO. Further studies are necessary to reveal the molecular details of the combined actions of transcription-driven supercoiling and LeuO protein binding.
Using the supercoiling-sensitive leu-500 promoter, we have identified sequential long-range interactions among multiple promoters. However, it is unclear whether the wild-type promoter of the leuABCD operon (pleu) is under the same kind of regulation. In order to answer this question, the effect of pilvIH on pleu was studied. As shown in Fig. 6A , pleu activity was reduced approximately threefold in pWU907, in which pilvIH was mutated. In addition, pleuO activity was also significantly reduced (Fig. 6B, compare lanes 1 and 2) . The fact that the leuABCD operon is regulated by the distant pilvIH promoter located 1.9 kb upstream suggests that in addition to being regulated by attenuation (31) , the leuABCD operon is also controlled at the transcriptional level via the promoter relay mechanism.
The sequential gene activation may be part of a nutritional environmental stress response cascade. It has been shown that pilvIH activity is under the control of Lrp (leucine-responsive regulatory protein), which is a global transcription regulator whose cellular level is up-regulated by cellular guanosine 3Ј,5Ј-bispyrophosphate (ppGpp) in response to nutrient limitation (17, 23, 38, 40) . Therefore, it is reasonable that under nutrientlimited growth conditions, the ilvIH operon is turned on and its transcription-driven supercoiling serves as a signal to turn on the leuO gene, which subsequently enhances expression of the leuABCD operon.
